Instruction
Recent years have witnessed remarkable growing interests in thermoelectric nanocomposite for energy conversion application. One factor driving the current interest in nanocomposite thermoelectric study is the need for safe, cleaning, and sustainable energy source.
The crisis at the crippled Fukushima Daiichi nuclear plant due to an earthquake evoked a worldwide re-draft of national future energy strategy. In March 2011, the German government stated that all reactors operational before 1980 in Germany would be taken offline [1] . Solar energy will be the most possible alternative to fill the gap left by the nuclear energy. The amount of radiation energy from sun to earth is gigantic, around 3 × 10 24 J/year, which is about 10 4 times more than what humankind consumes currently. In other words, converting the energy received by only 0.1% of the earth's surface with an efficiency of 10% would be enough to satisfy our current needs [2] . However, how to make a reliable and cheap system to convert the solar energy into electric power is still very challenging. The thermoelectric technique has been employed in the Radiative Thermoelectric Generator (RTG) for satellite, deep space exploration missions, such as SNAP-19 for Pioneer 10 mission, which has been working for nearly 40 years [3] . Now, thermoelectrics provides an alternative route to convert the solar energy into electrical power, besides the technology of photovoltaic and thermionic energy conversion. The work principle of thermoelectric module is similar to a heat engine, which employs electrons and holes as the energy carriers. The efficiency of thermoelectrics is governed by the Carnot efficiency and material figure of merit ZT as the following [4] ,
where T h and T c are the temperatures of the hot and cold end, respectively, T is the average temperature between T h and T c . Figure 1 plots the thermoelectric conversion efficiency φ te of single-leg state-of-the-art nanocomposites as a function of temperature difference T h with an assumption of T c = 300 K. It is shown that most materials has a thermoelectric conversion efficiency, φ te , ranged from 8%~16.4% [5] - [20] . There remains still large room for future improvement in φ te , since higher ZT value will make the φ te closer to the Carnot efficiency. If only conservative value 70% is used for the opto-thermal conversion efficiency φ ot , the efficiency of solid state solar thermoelectric conversion is 5.6-11.5%. This value competes with the state-of-the-art dye sensitized solar cell (10-11%) [21] . Recently, Kraemer et Rankine cycle steam engines in the near future [23] . However, a roof-top STEG has the advantage to help the community members, who cannot afford the cost of power plant and electricity grid in poor country, to improve their life. The combination between flat-panel STEG and water cycle system shows high potential to substitute for the conventional solar water heater, and enables a wide application. Besides the solar energy, the huge amount of waste heat generated from automotives, industry operations, and mankind activities is another energy source for the application of thermoelectric generator. In USA, 191 million vehicles dissipated 66% of energy from gasoline as waste heat, amounting to 36 TWh of waste heat generated from industry operation per year [24] .
The efficiency of thermoelectric energy conversion, φ te , is largely determined by the materials figure of merit ZT [4] , which is defined as ZT=S nanocomposite with wider-scale special structure from nano to macro partially breaks the interconnection and shifts the benchmark.
Owing to the wide scope of thermoelectric materials research, which covers theoretical investigation, material design and device assembling with a material form from bulk to low dimension structures, this review only focuses on the basic principle for the challenge behind the ZT benchmark value, the recent advances of thermoelectric nanocomposite for potential solid state solar thermoelectric conversion, and the future direction for next generation thermoelectric materials. Interested readers are encouraged to refer to some outstanding review articles, including articles about fundamental phenomena of physics terms contributing to the ZT value by
Minnich et al. [25] , by Pichanusakorn et. al. [26] , and by Shakouri [23] , articles about nanostructures modifying the electron and phonon transport by Medlin et al. [27] , by Lan et al. [28] , by Li et al. [29] , by Vineis et al. [30] , and by Wan et al. [31] and articles about special materials such as Clathrates by Kleinke [32] , Zintls by Toberer et al. [33] , PbTe by Kanatzdis [34] , Oxides [35] , and others [36] [37].
The challenge behind the benchmark ZT
ZT=1 have been a benchmark for many materials over 30 years since 1960s. The challenge behind the benchmark ZT value is the strong interconnections between 1) S and n, 2) m * and µ, 3) µ and κ lat , 4) Wiedemann-Franz law, and 5) bipolar effect. The decoupling of relationships among these physical items would give us a chance to push the ZT value beyond the benchmark.
S and n. In the kinetic definition, S represents the energy difference between the average energy of mobile carrier and the Fermi energy [26] . An increase in n would cause a simultaneous increase in Fermi energy as well as average energy. However, the Fermi energy will increase much faster than the average energy as n is increased, and therefore lead to a decrease in S.
Consequently, there is a limit to the S 2 n for a material system with a given m * . The key point to remove the limit for S 2 n is by increasing the density of states, i.e. to increases m * , by introducing resonant states [38] , moving the band close to the band edge [39] , and by quantum confinement to narrow the DOS [40] [41], and by modifying local DOS through introducing nanoinclusions [42] [43]. In other words, the Seebeck coefficient could be increased by introducing some selective scattering mechanism to filter the low energy carrier and reduce their contribution to Seebeck coefficient. m * and µ. High m* is favorable to get high S 2 n. Nevertheless, most materials having high m* usually has low µ, therefore, the power factor (PF) was limited by a weighted mobility, defined as   3/ 2 * m  . This limit could be broken if the carrier scattering mechanism turns from normal acoustic phonon scattering (r=-1/2,
) [44] , r is the scattering parameter. One way to achieve modification of relaxation time of mobile carrier is by using the resonant scattering, as suggested by Ravich [45] .
κ lat and µ. Most strategies to reduce lattice thermal conductivity come with some tradeoff in carrier mobility because most defects, such as atomic defect, dispersed particle, and grain boundary, scatter not only phonons but also electrons. The improvement of ZT is therefore determined by the ratio of µ/κ lat . Although an increase in the µ/κ lat ratio is usually experimentally achieved through a more reduction in κ lat than that in µ, some fundamental issues are still not well understood [25] . The wavelength (λ) and mean free path (mfp) for phonons (or electrons) at certain energy are unknown for most materials system, making the theoretical predication of thermal conductivity (electronic conductivity) extremely difficult for nanocomposite with varying-size inclusions. Because the wavelength span of phonons is much wider than that of electrons, the λ could span from 0.01 to 100 µm for phonons, while from several to hundreds of unit cells for electrons. Since the velocity of phonons (or electrons) does not change too much regarding to the energy, the wider λ span for phonons is therefore leading to wider span of mfp.
The precise understanding of the distribution λ and mfp of phonons (electrons) contributing to the thermal conductivity (electrical conductivity) is a key step to tune the size and concentration of inclusions in nanocomposites to maximize the µ/κ lat ratio. [46] . A recent theoretical study shows that the transport distribution function is bounded, a rectangular-shape distribution is instead found to be more favorable one to obtain the high ZT value because of with appropriate violations of the Wiedemann-Franz law, which could be achieved through nanoroute [47] .
Bipolar effect. For most narrow semiconductor, thermal excitation of carrier from valance band to conduction band generates two kinds of carriers: hole and electron. The thermal excitation usually does not change the concentration of major carrier too much, but increase the minor carrier concentration (with an opposite sign to major carrier) significantly. Bipolar effect takes place when two types of carrier are present [48] . However, bipolar effect is notorious to achieve effective thermoelectric power generation. The first impact of bipolar is that the heat was stolen from hot-side to cold-side even if there is no net current, the origin of κ bipolar . 
where the k B , e, η f , η g are the Boltzman constant, free electron charge, reduced Fermi energy E f /k B T, and reduced band gap E g /k B T, respectively. The subscripts e and h mean electrons and phonons, respectively.
The bipolar effect in a n-type material could be restrained by increasing the external carrier concentration (i.e., via raising the Fermi energy E f ), enlarging the band gap E g and increasing the ratio of 
Selected thermoelectric nanocomposites
Thermoelectric materials comprise a huge family, including different material systems from semimetal, semiconductor to ceramic, covering various crystalline forms from single crystal, polycrystal to nanocomposite, and containing varying dimensions from bulk, film, wire to cluster. Recently, some polymer also shows interesting thermoelectric properties [51] , however, it is not the topic of this review. Our goal herein is to update the new advancement in some selected bulk nanocomposites for potential thermoelectric power generation applications with a special focus on the half-Heslser system which has been less reviewed previously and also to shed some lights on the new advances of traditional systems: CoSb 3 , PbTe, and Bi 2 Te 3 .
Half-Heuslers
Half-Heuslers with the general formula ABX refer to a wide family of compounds, which crystallize in the cubic structure and get their reputation for high temperature thermoelectric power generation owing to their high temperature stability as well as abundance [52] . Figure 2 shows the ideal 43 Since the direct synthesis of Hf 1-x Zr x CoSb and Hf 1-x Zr x NiSn is difficult by simply mechanical alloying, arc melting was first used to synthesize the ingot. Following that, mechanical ball milling was employed to get the nano powders, which were then compacted into bulk by fast hot pressing. agglomerates into narrowly-dispersed atomic-clusters with a size of 5-10 nm, the grain growth in the hot pressing process is more likely to be easily inhibited and smaller grain size is expected in the final nanocomposite bulk. An alternative fabrication method to make the nano powders is melt spinning, which is known to get amorphous powders by using the rapid quenching on a copper roller rotating in a high speed and has been applied to the half-Heusler system [74] . It is worthy to point out that powders made from melt spinning is not the narrowly-dispersed nanopowders but powder mixture with a size ranging from several nanometers to micro meters [5] . There have been some other efforts to introduce some incoherent nanoinclusions, such as
InSb [75] and NiO [76] . Heusler matrix, and claim a significant reduction in lattice thermal conductivity [77] .
Another way to further depress the κ lat of half-Heuslers is through enhancing the alloy scattering. In principle, larger differences in atomic mass and size would generate substantial local stress and hence strong phonon scattering, leading to lower lattice thermal conductivity. It has been experimentally confirmed that the κ lat of Hf 0.5 Ti 0.5 NiSn is much lower than that of Hf 0.5 Zr 0.5 NiSn [78] . Enlightened by both theory and experiment, more work on binary combination of Hf and Ti or even ternary combination of Hf, Zr, and Ti in p-type half-Heuslers should be carried out. Additionally, an alternative co-doping approach, which involves substituting the Co in TiCoSb with equally Ni and Fe [79] , was also been used to reduce the lattice thermal conductivity. Such strategy to substitute one element with one neighbor element with few valence electrons and another neighbor element with more valence electrons, has proved effective in Ag and Sb co-doped PbTe [7] , and Te and Sn co-doped CoSb 3 [14] . Codoping strategies at both B-site and X-site may be a new direction for the ABX-type half-Heusler systems. According to systematic calculations [53] , besides the besides the (Ti, Zr, Hf)CoSb, (Ti, Zr, Hf)NiSn, (V, Nb, Ta)CoSn and (Sc, Y, La)NiSb, other promising yet less investigated halfHesulers are NbCoSn, NbRhSn, ZrCoBi, VFeSb, NdFeSb for p-type materials and LaPdBi, NdCoSn, YNiSb, ZrCoBi for n-type naterials.
Skutterudites
Skutterudites, with a general formula MX 3 (M=Co, Rh, Ir; X=P, As, Sb), attract wide attention from the thermoelectric community due to their special lattice structure: an X 12 -icosahedral nano-cage at 2a site (0, 0, 0), as shown in Figure 5 . Adding one heavy metal atom (R)
into the intrinsic nanocage forms the filled skutterudites: R x M 4 X 12 . The loose bonding of guest atoms with the host lattice generates local vibrational modes that strongly scatter the phonon transport, one phenomenon also known as the "rattling effect" [80] . Such an idea initiated a wide investigation of filling elements to the cage-site, including most of rare earth, alkaline earth, and alkali metal elements for both n-type R with the electronegativity difference between the filling atom R and host lattice atom Sb [81] .
Only the element satisfying the electronegativity difference relationship, i.e., X R -X Sb <0.8, could get into the cage site of R x Co 4 Sb 12 . This filling fraction limit can be removed by adding some electron-charge-compensation elements, such as doping Fe at Co-site, or doping Sn and Ge at Sb-site.
The vibration modes generated by the rattling atoms in skutterudites were identified as local harmonic vibrational modes, or Einstein modes, by inelastic neutron scattering measurements and phonon density-of-state calculation. An inelastic scattering mechanism was proposed to explain the energy interaction between the lattice phonon and the localized phonons [82] . According to the proposed mechanism, the local phonons may first absorb a small amount of energy from the lattice phonons to get into an excited rattling state, and then later release the energy back to the lattice phonons with wave vectors incoherent with those of the absorbed phonons. Therefore, only the lattice phonons with energy similar to that of the local phonons would be impacted, and such phonon scattering mechanism was also named as resonant phonon scattering [83] . Normally, the resonant frequency ω 0 of modes in a simply ball-spring picture is related to the mass of ball mass m and the elastic constant k of spring through the relationship
. By conducting ab initial calculation, the spring constant k of filler R in filled skutterudite can be obtained by applying the relationship of E=1/2kx 2 , where E is the change of total energy and x the displacement of R using the cage center as the reference point. According system [7] . Figure 7 shows the [7] , NaSbTe 2 [101] , PbS [102] , CdTe [103] , and Ag 2 Te [104] . Both the coherent and incoherent nanoinclusions could significantly reduce the lattice thermal conductivity. However, the phonon scattering mechanism is different to certain degree. Firstly, the stress level of coherent boundary is higher than that of incoherent boundary. The scattering to phonon at coherent boundary comes from the centralized stress due to the slightly mismatched lattice, showing a similar effect with the point defect. However, for the incoherent boundary, the mismatched phonon modes are responsible for the reduced lattice thermal conductivity. Due to the size confinement, the phonon with a wavelength larger than the dispersed phase would be filtered out. In other words, the long wavelength phonon could not pass through the nano particles due to a phonon filter effect.
Although incoherent nanoinclusions could reduce lattice thermal conductivity significantly, they also have notable negative impact on the electrons transport. This is why high ZT values of 1.7~ It was found that Seebeck coefficient of Al-doped PbSe was about 40%-100% higher than the value predicted by a simple parabolic model and was also higher than that of the Cl-doped PbSe reference sample. An additional resonant state was claimed to be induced in the conduction band by doping some Al into PbSe, similar to the effect of Tl in PbTe [38] . By embedding some PbS nano particle into the PbSe matrix, a ZT of 1.2~1.3 was obtained in Cl-doped PbSe due to a reduced lattice thermal conductivity. In contrast to PbSe, only moderate ZT of 0.8 at 900 K was obtained in PbS even with some PbTe nanoinclusion [105] . AgSbTe 2 , which crystallizes into cubic structure, is known to possess extremely low lattice thermal conductivity. The intrinsic low lattice thermal conductivity comes from an extreme anharmonicity of the lattice vibrational spectrum that gives rise to a high Grüneisen parameter and strong phonon-phonon interactions owing to the random distribution of Ag and Sb in the same lattice site [106] . As a result, ZT of 1.5 has been reported in stochimetric AgSbTe 2 made by chemical alloying [107] or by physical alloying [108] method, respectively.
Bi 2 Te 3
Bi 2 considered the effective approach to reduce the lattice thermal conductivity [113] .
Besides the phonon scattering observed in metal particle dispersed nanocomposite, a carrier filtering effect in Pt/Sb 2 Te 3 nanocomposite has been claimed by Ko et al. [114] . A significant increase in Seebeck coefficient from 115.6 to 151.6 µVK Additionally, there are also some strategies conducted on grain boundary to tune the thermoelectric properties. Ji et al. [116] reported that a 30~38% improvement in power factor of 
What is the new direction?
We have witnessed remarkable advancements in material synthesis, microstructure characterization, physical properties measurement, and theoretical understanding for uniform doping due to a reduction of ionized impurity scattering, and finally leading to a higher power factor. Therefore, some sort of ordering of the modulation doping atoms and nanoinclusions will greatly improve the ratio µ/κ lat and finally raise the ZT value. Such ordered inclusions and selected boundaries are well known in low dimension superlattice or quantum well structure, which allow high µ and low κ lat achieved together with ZT>2 [119] .
Here we propose some key characteristics for the new generation nanocomposites, called ordered nanocomposites, in contrast with those of the current dis-ordered nanocomposites, called random nanocomposite. We will explain these characters along size scale from doping atom, nanoinclusions, grain boundaries, grain shape, to void morphology as shown in Fig. 11 .
Doping atom ----Modulation (Fig. 11(a) ) vs. Uniform (Fig. 11(f) However, for most of other materials with such unique structures, a different strategy is available to minimize impurity-electron scattering, i.e., modulation doping. Modulation doping means that a two-phase composite with heavily doped minor-phase provides the carrier and non-doping matrix-phase as high speed transport channel [118] .
Nanoinclusion----Coherent (Fig. 11(b) ) vs. Incoherent (Fig. 11(g ))
The wide investigation of nano precipitation in PbTe system demonstrates that the coherent inclusion has less deteriorating effect on the carrier mobility than the incoherent inclusion. The theoretical study also indicates that the band structure modification due to such coherent nano inclusion [42] [43] . By connecting with the concept of superlattice and quantum well in low dimensional systems, such coherent nanoinclusion is very useful to realize the superlattice or quantum well in three dimensions.
Random boundary (Fig. 11(c) ) vs. Ordered boundary (Fig. 11(h) )
The effect of grain boundary on the mechanical properties has been well studied in many materials. However, we only have limited understanding for the impact of grain boundary on the transport properties of most thermoelectric materials. Although there is a lack of statistic understanding about the various grain boundaries and their impact on transport of phonons and electrons, it has been confirmed that some grain boundary has less impact on transport of electrons but still scatters phonons, such as twin boundary. Reconstructing the various random boundaries to some special ordered boundaries to facilitate the electrons transport will help increase the power factor significantly. The reorientation of n-type Bi 2 Te 3 -based polycrystals is an inspiring start point [109] [110].
Unmodified grain (Fig. 11(d) ) vs. Modified grain (Fig. 11(i) )
Most thermoelectric materials crystallize in a cubic structure and are near-spherical in shape. As a result, both the thermal and electrical properties are isotropic in the polycrystalline sample. Concerning the transport behavior in nanowire (or film) along the in-line direction (or in-plane), the boundary confining effect has significantly scattering influence on phonons while slight influence on electrons. Since the grain boundary could have similar effect to confine the phonons along one direction to the surface to certain degree, to modify the spherical grain shape into plate-like or wire-like shape would be a new direction to decouple the transport of phonons and electrons.
Spherical void (Fig. 11(e) ) vs. Columnar void (Fig. 11(j) )
Within the scope of effective media theory, the normal void does not improve thermoelectric figure of merit ZT value. When it comes down to nano scale, limited improvement was observed. Recently, an inspiring work suggested that ordered nano holes could reduce the lattice thermal conductivity of silicon film close to the amorphous limit, but little impact on the carrier mobility, eventually enhancing the ZT value [120] . A theoretical study on the nanoporous silicon with varying size disorder at internal surface of hole will generate significant scattering to the phonons [121] . These works demonstrate bulk materials with columnar void would highly interesting for thermoelectric application. From the view point of fabrication technology, anode oxidized method has been successfully employed to make alumina with aligned column pores with size scale from tens of nanometers to hundreds of nanometers.
However, making such tiny holes in current thermoelectric materials is a really challenge.
In summary, some significant advancement in thermoelectric figure-of-merit ZT has been made by nanocomposite approach in the past a few years, but still not good enough for broad range of applications of thermoelectric technology displacing other technologies. It is certainly possible that more improvement can be achieved based on the current understanding. However, how to make the grains size in less than 50 nm in the final bulk materials is very challenging, but is really required for further improving ZT. Ordering of the nanostructures to create some sort of channels for the easy transport of electrons but difficult for the phonons will probably a fruitful direction for the future. Figures   Figure 1 . [18] , n-type SiGe [19] , and p-type SiGe [20] . DD (Didymium, 4.76 mass% Pr and 95.24 mass% Nd) is nature mixture of rare earth elements. n-type PbTe with varying Iodine [98] . 
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